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The perpendicular magnetic anisotropy (PMA) of Fe1−xCox thin films on MgO(001) was investigated via first-principles
density-functional calculations. Four different configurations were considered based on their ground states: Fe/MgO,
Fe12Co4/MgO, Fe10Co6/MgO, and Fe8Co8/MgO. As the Co composition increases, the amplitude of PMA increases first
from Fe/MgO to Fe12Co4/MgO, and then decreases in Fe10Co6/MgO; finally, the magnetic anisotropy becomes horizontal
in Fe8Co8/MgO. Analysis based on the second-order perturbation of the spin-orbit interaction was carried out to illustrate
the contributions from Fe and Co atoms to PMA, and the differential charge density was calculated to give an intuitive
comparison of 3d orbital occupancy. The enhanced PMA in Fe12Co4/MgO is ascribed to the optimized combination of
occupied and unoccupied 3d states around the Fermi energy from both interface Fe and Co atoms, while the weaker
PMA in Fe10Co6/MgO is mainly attributed to the modulation of the interface Co-dxy orbital around the Fermi energy. By
adjusting the Co composition in Fe1−xCox, the density of states of transitional metal atoms will be modulated to optimize
PMA for future high-density memory application.
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Materials with large magnetic moments and strong per-
pendicular magnetic anisotropy (PMA) are of great
interest due to their potential applications in next-
generation high-density non-volatile memories and high
thermal stability logic chips [1-6]. Numbers of materials
with strong PMA have been explored during the past de-
cades, such as L10-ordered (Co,Fe)-Pt alloys [7-9], Co/
(Pd,Pt) multilayers [10-12], and D022-ordered Mn3−δGa
[13,14]. However, none of them satisfy the high thermal
stability, low switching current, and high tunnel magneto-
resistance (TMR) ratio at the same time. Recently, FeCo
alloys with high saturation magnetization, high Curie
temperature, good permeability, and large magnetocrystal-
line anisotropy energy have been paid great attention [15].
The large values of uniaxial magnetocrystalline anisotropy
energy (Ku) and saturation magnetization (Ms) were first* Correspondence: ting.chen@xmu.edu.cn; jykang@xmu.edu.cn
Department of Physics, Fujian Key Laboratory of Semiconductor Materials
and Applications, Xiamen University, 422 Siming South Road, Xiamen
361005, People’s Republic of China
© 2015 Cai et al.; licensee Springer. This is an O
Attribution License (http://creativecommons.or
in any medium, provided the original work is ppredicted by Burkert et al. via first-principles calculations
[16] and then verified by experiments [17,18]. Particularly,
S. Ikeda et al. obtained Ta/FeCoB/MgO/FeCoB/Ta per-
pendicular magnetic tunnel junctions with high TMR ratio
(over 120%), high thermal stability at a dimension of 40
nm diameter, and a low switching current of 49 μA [19],
revealing a promising building block for future high-
density memories. After that, lots of experiments based on
Fe1−xCox/MgO magnetic tunnel junctions have been per-
formed to explore the influence of growth regulation, elec-
tric field, Fe-Co proportion, and so on [20-23]. Though it
has been proved by experiments that Fe-rich Fe1−xCoxB/
MgO structures have larger PMA than their Co-rich
counterparts, there is short of theoretical guidance for op-
timizing Fe-Co proportion, and the inherent origin of
PMA in Fe1−xCoxB/MgO is still unclear.pen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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pending on the cobalt composition and explored the ori-
gin of PMA in Fe1−xCox/MgO magnetic tunnel junctions
via first-principles calculations. Second-order perturbation
theory was adopted to illustrate the contributions from Fe
and Co atoms to PMA. The differential charge density at
the sites where Co atoms take the place of Fe atoms was
calculated to give an intuitive comparison of 3d orbital oc-
cupancy. By adjusting the cobalt composition, the density
of states (DOS) will be modulated, and strong PMA will
be obtained with an optimized combination of occupied
and unoccupied 3d states around the Fermi energy (EF).Methods
We performed first-principles density-functional calcula-
tions using the Vienna ab initio simulation package
(VASP) with the consideration of the spin-orbit interac-
tions. For the electronic exchange-correlation and
electron-ion interaction, we adopted the spin-polarized
generalized gradient approximation (GGA) [24] and the
projector-augmented wave (PAW) potential [25], re-
spectively. A 9 × 9 × 1 k-point mesh was used with the
energy cutoff equal to 500 eV. Four 2 × 2 supercells with
different Co concentrations were considered in this
work: Fe/MgO(001), Fe12Co4/MgO(001), Fe10Co6/MgO
(001), and Fe8Co8/MgO(001) (Figure 1). The configura-
tions of FeCo alloys were given as their ground states ac-
cording to previous work, i.e., L60-Fe12Co4, Fe10Co6, and
B2-Fe8Co8 (CsCl type) [26]. Along the z-axis, there were
three MgO monolayers, four Fe1−xCox monolayers and
15 Å vacuum. Each supercell includes 40 atoms. The
bottom MgO monolayer was fixed as bulk, and the in-Figure 1 Schematics of the calculated structures. (a) Fe/MgO,
(b) Fe12Co4/MgO, (c) Fe10Co6/MgO, and (d) Fe8Co8/MgO. Fe, Co,
Mg, and O atoms are represented by yellow, blue, green, and red





(cubic MgO: a = 4.212 Å) since a thin ferromagnetic
layer was used. All the other layers were fully relaxed
until the largest force between the atoms worked out to
be less than 1 meV/Å. The magnetic anisotropy energy
(MAE) was calculated by taking the difference between the
total energy of the magnetization oriented along the in-
plane [100] and out-of-plane [001] directions based on the
force theorem.Results and discussion
The calculated MAE in Fe1−xCox/MgO (x = 0, 0.25,
0.375, 0.5) configurations are listed in Table 1. Fe/MgO,
Fe12Co4/MgO, and Fe10Co6/MgO have a positive MAE
of 4.2, 7.1, and 3.3 meV, respectively, indicating the pref-
erence of out-of-plane magnetization. However, Fe8Co8/
MgO has a negative MAE of −17.1 meV, showing an in-
plane easy magnetization. In Fe8Co8/MgO, the interfacial
Fe atoms are replaced by Co atoms, and the calculated
magnetic moment of O atoms in Co-O bonds is 0.013
μB, only half of that in Fe-O bonds (0.025 μB), indicating
the reduced transition metal-oxygen hybridization. As
revealed by Yang et al., the hybridization between Fe and
O atoms at interface greatly contributed to PMA in Fe/
MgO [27]. Thus, the attenuated interface hybridization
in Fe8Co8/MgO may be an origin of the in-plane easy
magnetization. Furthermore, for FeCo monolayers epi-
taxially grown on MgO (001), the in-plane lattice is en-
larged to match that of MgO(001) (a = 2.97 Å), while
the out-of-plane lattice is shortened to 2.71 Å, leading to
a c/a ratio of 0.91. It has been reported that the MAE re-
duces as the c/a ratio decreases and becomes negative
when it is smaller than 1 for B2-FeCo alloy [28]. Hence,
a negative MAE is anticipated in Fe8Co8/MgO. In a
word, the replacement of interface Fe atoms with Co
atoms and the small c/a ratio in Fe8Co8/MgO accounts
for the in-plane magnetization.
Note that Fe12Co4/MgO has the largest PMA value,
implying that a proper Fe-Co combination will enhance
PMA. It has been reported that the PMA is dominated
by the interfacial anisotropy in Fe1−xCox/MgO systems
[19]. Furthermore, the Fe-O hybridization makes the pri-
mary contribution to PMA in Fe/MgO systems. AsTable 1 MAE values and interfacial distances of Fe-O and
Co-O bonds in Fe1−xCox/MgO systems
Distance (Fe-O Ǻ) Distance (Co-O Ǻ) MAE (meV)
Fe/MgO 2.136 \ 4.2
Fe12CO4/MgO 2.073 2.164 7.1
Fe10CO6/MgO 2.079 2.127 3.3
Fe8CO8/MgO \ 2.103 −17.1
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Fe12Co4/MgO, and Fe10Co6/MgO are 2.136, 2.073, and
2.079 Å, respectively. The change of the Fe-O distance
will cause the reconstruction of the electronic structure
of Fe‐dz2 around the EF. Figure 2 shows the DOS of Fe‐
dz2 and O-pz orbitals at Fe/MgO, Fe12Co4/MgO, and
Fe10Co6/MgO interfaces. In the vicinity of EF, there are
enhanced hybridization peaks indicated by dashed lines
in Fe12CO4/MgO and Fe10Co6/MgO, implying an in-
creased occupancy of Fe‐dz2 states compared with Fe/
MgO. Meanwhile, Fe-dxz,yz states hybridize with dz2
states through spin-orbital interaction, leading to en-
hanced dxz,yz occupancy. According to the previous re-
ports, dxz,yz orbital plays an important role in the out-of-
plane components of PMA [27]. Therefore, the Fe atoms
in Fe12Co4/MgO and Fe10Co6/MgO will somehow in-
crease the positive contribution to PMA due to the en-
hanced Fe-O hybridization.
To further understand the contributions from Fe
atoms to PMA in Fe1−xCox/MgO systems, we consider
the second-order perturbative contribution of spin-orbit
coupling (SOC) to magnetocrystalline anisotropy ener-
gies E 2ð ÞMCA
 
depending on the atomic site and the spin-
transition process. E 2ð ÞMCA can be expressed by four termsFigure 2 Majority-spin (positive) and minority-spin (negative)
DOS of Fe‐dz2 and O-pz. (a) Fe/MgO interface, (b) Fe12Co4/MgO
interface, and (c) Fe10Co6/MgO interface as a function of energy
relative to the EF.(up-up, down-down, up-down, down-up) according to
the Ref. [29]:
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where ΔEi↑⇒↑ (up-up) in Equation 1 indicates a virtual
excitation from occupied majority-spin states to unoccu-
pied majority-spin states of an atom in the second-order
perturbation. In Equation 2, ξ is the SOC constant, σ is
the spin state, λ(μ) is the atomic orbital state, the super-























































where ckniμσ is the components of an orthogonal basis of
atomic orbitals and ε 0ð Þknσ is the energy of unperturbed
state. It can be seen from Equations 2 and 3 that ΔEi
σ⇒σ 0
depends not only on the coupling between the occupied
states and unoccupied states but also strongly on the
splitting between them through the energy denominator
in Equation 3. As a result, ΔEi
σ⇒σ 0 is mainly determined
by the DOS in the vicinity of EF. Figures 3a,b,c,d show
the DOS of Fe dxy, dxz,yz, dz2 , and dx2−y2 at Fe/MgO,
Fe12CO4/MgO, and Fe10Co6/MgO interfaces as a func-
tion of energy relative to EF. The majority-spin states are
almost fully occupied, and the minority-spin states are
partially occupied for Fe dxy, dxz,yz, dz2 , and dx2−y2 or-
bitals. According to Equations 2 and 3, ΔEFe↓⇒↑ (i.e., the
coupling between occupied minority-spin states and un-
occupied majority-spin states) and ΔEFe↑⇒↑ (i.e., the coup-
ling between occupied majority-spin states and
unoccupied majority-spin states) can be neglected. The
spin-flip term ΔEFe↑⇒↓ and the spin-conservation term Δ
EFe↓⇒↓ make the main contributions to the MAE. To esti-
mate ΔEi
σ⇒σ 0 , the angular momentum matrix elements
are considered. Due to symmetry property of the atomic
orbitals, only a few angular momentum matrix elements
Figure 3 Majority-spin (positive) and minority-spin (negative)
DOS projected to Fe-3d orbital components (a-d). Fe/MgO
interface (black), Fe12Co4/MgO interface (red), and Fe10Co6/MgO
interface (green).
Figure 4 Majority-spin (positive) and minority-spin (negative)
DOS projected to Co-3d orbital components (a-d). Fe12Co4/MgO
interface (black) and Fe10Co6/MgO interface. Co1 (red) represents the
Co atom at the edge of the interface, and Co2 (green) represents
the Co atom in the center of the interface.
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2−y2|Lz|
xy〉, 〈z2|Lx|yz〉, 〈xy|Lx|xz〉, and 〈x
2−y2|Lx|yz〉 (bra and ket
can be exchanged). Among which, 〈μ|Lz|μ′〉 makes a
positive contribution to PMA through spin-conservation
term ΔEi↓⇒↓ and a negative contribution through spin-
flip term ΔEi↑⇒↓ , opposite does 〈μ|Lx|μ′〉. In Fe/MgO, the
matrix element 〈x2−y2|Lz|xy〉 makes the main positive
contribution to PMA due to the large occupied dx2−y2
and unoccupied dxy states of minority-spin around EF.
The primary negative contribution comes from 〈x2−y2|
Lx|yz〉 and 〈yz|Lx|x
2−y2〉 on account of large unoccupied
dyz states and relative large unoccupied dx2−y2 states
around EF. To sum up, the PMA value contributed from
all nonvanishing angular momentum matrix elements
connecting d states  μ0 L μj j2Gμμ0μμ σ; ↓; Fe; Feð Þ is positive.
Different from Fe/MgO, the matrix elements 〈x2−y2|Lz|xy〉
in Fe12Co4/MgO and Fe10Co6/MgO are quite smallbecause of the greatly reduced unoccupied minority-spin
dxy states. The other obvious changes are the increase of
occupied minority-spin dyz states in both Fe12Co4/MgO
and Fe10Co6/MgO and the decrease of unoccupied
minority-spin dx2−y2 states, which will amplify the positive
value of 〈xz|Lz|yz〉 and diminish the negative value of 〈yz|
Lx|x
2−y2〉. As a result, the contributions from Fe atoms in
Fe12Co4/MgO and Fe10Co6/MgO to PMA are larger than
those in Fe/MgO, which confirms the speculation based
on Fe-O hybridization.
In the following, the contributions from Co atoms are
taken into consideration. The DOS of Co-dxy, dxz,yz, dz2 ,
and dx2−y2 at Fe12Co4/MgO and Fe10Co6/MgO interfaces
are shown in Figure 4a,b,c,d. Since Co atoms at Fe10Co6/
MgO interface are not symmetrical, we present their DOS
Cai et al. Nanoscale Research Letters  (2015) 10:126 Page 5 of 6separately. Co1 represents the Co atom at the edge of the
interface, and Co2 represents the Co atom in the center of
the interface. Different from Fe-dyz states, the unoccupied
Co-dyz states around EF are relatively small in Fe12Co4/
MgO; thus, the negative matrix element 〈x2−y2|Lx|yz〉 is
much smaller than that of Fe/MgO. The other negative
contribution arising from 〈yz|Lx|xy〉 is comparable to the
negative matrix element 〈yz|Lx|x
2−y2〉 in Fe/MgO. In
addition, the positive contribution of Lz connecting occu-
pied dx2−y2 and unoccupied dxy states in Fe12Co4/MgO is
comparable to that in Fe/MgO. In general, Co atoms in
Fe12Co4/MgO contribute much more to PMA than Fe
atoms in Fe/MgO. In the light of these, the PMA value
contributed from both Fe and Co atoms is much larger in
Fe12Co4/MgO than in Fe/MgO. In Fe10Co6/MgO, the
positive matrix element 〈x2−y2|Lz|xy〉 decreases due to the
reduced unoccupied dxy states for Co1 atom. It deceases
even more for Co2 atom because of the very small un-
occupied dxy states. Consequently, the contribution from
Co atoms in Fe10Co6/MgO is much smaller than Co
atoms in Fe12Co4, resulting in a relative small value of
PMA.
In order to give a more intuitive comparison of the
contributions of Fe and Co atoms, we calculated the dif-
ferential charge density. Figures 5a,b shows the differen-
tial charge density of Fe12Co4/MgO and Fe/MgO at the
sites where Fe atoms are replaced by Co atoms at inter-
face. Compared with Fe atoms in Fe/MgO, Co atoms in
Fe12Co4/MgO have larger dxz,yz and dxy occupancy but
smaller dx2−y2 and dz2 occupancy. The occupancy of dz2 ,
dxz, and dyz orbitals determine the atomic orbital mag-
netic moments of [001], while the occupancy of dxy and
dx2−y2 orbitals contribute to [100] [30]. Due to the
sharply reduced dx2−y2 occupancy, Co atoms in Fe12Co4/Figure 5 The differential charge density. (a), (b) Fe/MgO and
Fe12Co4/MgO interfaces where Co take Fe site; (c), (d) Fe12Co4/MgO
and Fe10Co6/MgO interfaces where extra Co take center Fe site.MgO contribute more to PMA than Fe atoms in Fe/
MgO, which is consistent with the estimation from the
second-order perturbation of SOC. Figures 5c,d display
the differential charge density of Fe10Co6/MgO and
Fe12Co4/MgO at the center of the interface where Co
atom replace Fe atom. The dz2 occupancy increases, but
the dxz,yz occupancy largely decreases. In addition, the
dxy states enhance dramatically. As a result, Co2 atom in
Fe10Co6/MgO contributes much less to PMA than Fe
atom in Fe12Co4/MgO, which agrees well with the esti-
mation from the second-order perturbation of SOC.Conclusions
In summary, we have presented first-principles studies
of PMA in Fe1−xCox/MgO as a function of the Co com-
position and strong PMA with an amplitude of 7.1 mV
is discovered in Fe12Co4/MgO. The change of Co com-
position modulates the DOS of Fe and Co atoms around
EF and varies their contributions to PMA. The enhanced
PMA in Fe12Co4/MgO is ascribed to the optimized com-
bination of interface occupied and unoccupied 3d states
around EF, where both Fe and Co atoms make a large
out-of-plane contribution and a small in-plane contribu-
tion. The weaker PMA in Fe10Co6/MgO is due to the
sharply decreased unoccupied Co-dxy states around EF
and dramatically increased Co-dxy occupancy, where Co
atoms especially the Co atom at the center of interface
make a small out-of-plane contribution. The horizontal
magnetic anisotropy in Fe8Co8/MgO is mainly resulted
from the attenuation of interface hybridization and the
small c/a ratio. Therefore, reasonable adjustment of Fe-
Co combination in Fe1−xCox/MgO magnetic tunnel
junctions will enhance PMA and is worthy of further in-
vestigation. This work provides a basis method to inves-
tigate promising building blocks for future high-density
memories.
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